Bacterial uterine infections inflict major losses on the equine breeding industry. These infections usually arise from bacteria introduced at breeding. Micro-currents propelled by ciliated cells between the folds of the uterus and cervix have been proposed as a means by which contaminants are expelled.
INTRODUCTION
Bacterial infections in the uterus of mares are a major cause of losses in the equine breeding industry affecting between 25 -60% of barren mares (1, 4, 9) . These infections usually arise from bacterial contaminants introduced at breeding. The first line of defense against these infections has always been considered phagocytosis by neutrophils. When bacteria are present in the uterus there is indeed an influx of proteins and neutrophils (28) . This influx leads to acute inflammation which usually quickly resolves. Most bacteria and inflammatory cells can be expelled from the uterus through uterine contractions. However, if a poor uterine environment persists due to failure to void fluid, neutrophils may show impaired ability to phagocytize bacteria. Because neutrophil function also may be fundamentally impaired in the mucosal immune system of the equine uterus, researchers have therefore questioned the ability of phagocytosis to clear the uterus of all bacteria (22) .
Weaker than normal uterine contractions, a uterus that hangs low in the mare's abdomen (often referred to as a pendulous uterus), and abnormal perineal conformation are among the reasons for an increased likelihood of infection and poor intrauterine environment (18) . Susceptibility to infections is also correlated with reproductive injury. In post-mortem examinations, it was found that mares who had scarring, hemorrhage, granulation and loss of folds in the reproductive and urinary tract lining, or fibrous tissue around the cervix were more susceptible to infections during their lives (26) .
Whether these anatomical abnormalities cause increased infections or are a consequence of upregulated inflammatory mediators due to infection remains unclear.
Mucociliary clearance (MCC) is the self-clearing of a mucous membrane by the propulsion of a mucus blanket by ciliated epithelial cells. Mucociliary clearance has been proposed to be a secondary defense against bacteria in the equine genital tract. Observations of a mucus layer resting on ciliated 2 cells in uterine biopsies indicate that the key components of a mucociliary apparatus are present (6) . In addition, there is extensive longitudinal folding of the uterine and cervical epithelia. Such folds of ciliated epithelium on the equine cervix may increase the efficiency of the mucociliary apparatus, and suggest that micro-currents could be maximized at these sites (12) . Currents may assist in removing bacteria, inflammatory cells, and non-viable spermatozoa. Direct visualization of micro currents and mucociliary clearance in live mares is still necessary to understand how the uterus fights infection, and how a dysfunctional mucociliary clearance may impact a mare's reproductive health.
In this study, we sought to optimize in vivo visualization of mucocilary clearance in healthy mares in order to help determine if mucociliary clearance acts as a defense against bacteria.
The importance of Cilia and Mucociliary Clearance
Cilia, the plural of the singular noun cilium, comes from the Latin word for "eyelashes." Cilia are organelles found as extracellular projections on eukaryotic cells (13) . They appear as small projections from a larger cell body. There are two types of cilia commonly found in the body, motile cilia and nonmotile, or primary cilia. Primary cilia appear to act solely as a sensory organelle, an example being the dendritic knob of the olfactory neuron where smells are converted into action potentials. Recently, sensory proteins have been identified in motile cilia. These proteins detect fluid flow, bitter taste, and sex hormones (2) . Motile cilia and flagella make up a group of organelles referred to as undulipodia (19) .
Undulipodia are a class of 9+2 organelles, which get their name from the microtubule-based cytoskeleton inside structure of motile cilia and flagella. This structure is referred to as the axoneme. In primary cilia, the axoneme appears as a ring of nine outer microtubule doublets; in motile cilia and flagella there are two addition central microtubule singlets (Figure 1 ) (11, 24) . The 9 + 2 motile ciliary ultrastructure is conserved throughout the animal kingdom (20) . 
Mucociliary Clearance in the Respiratory Tract of Horses
Mucociliary clearance is a well-established defense mechanism of the respiratory tract. A disturbance in this process in the respiratory tract of horses (or any mammal) can lead to many diseases, such as pneumonia or chronic sinusitis. When discussing the health of the lungs there is a complex relationship between mucus structure and its propulsion by the airway cilia (10) . One of these studies in horses tested the rate at which mucociliary clearance changed when lowering and raising the head. It was found that lowering the head increased movement of mucus, while raising the head slowed movement of mucus and caused a collection of mucus at the bottom of the lungs (23). There have also been studies on the mucociliary clearance of sedated, diseased, and exercised horses to determine how 4 the mucociliary clearance rates differ (29) . However, scientists have neglected to study other systems where mucociliary clearance may be present, such as the reproductive system.
It is known that bacteria present in the uterus lead to an influx of proteins and neutrophils (27) .
As mentioned, this influx may lead to inflammation that eventually impedes the phagocytic functions of the neutrophils. Mucus, however, lacks the ability to support phagocytosis during these times of inflammation. Mucociliary clearance therefore may aid in the removal of bacterial and inflammatory cells from the mucosal surface (5) . Studies have also shown neutrophil activity is higher in tissues and circulation outside of the uterus, suggesting that neutrophil activity inside the uterus is not the main line of defense, and that bacteria need to be expelled via another route (27) . There are many other mechanisms which could contribute to uterine defense but the presence of mucus and cilia on the equine genital tract strongly suggest that mucociliary clearance may play a role.
In live mares, micro-particles may serve as a model for bacteria. Micro-particles have the potential to show the movement of motile cilia, and whether or not they are being trapped in mucus and expelled. This could allow the development of techniques to demonstrate the existence of a functional mucociliary apparatus in the genital tract of the live mare, and serve as a basis for further research.
Previous Studies and Preliminary Data
Early studies showed that when carbon was infused into the uterus it did not adhere to the intact epithelium due to a layer of mucus produced by cells lining the endometrium (7). Subsequent research examined samples of uterine epithelium observed under an inverted microscope, having been Subsequent studies conducted by members of our research team (headed by Dr. Robert Causey)
attempted to develop techniques for videoendoscopic detection of mucociliary clearance in the live 6 mare. However, animal movement makes direct observation of active mucociliary clearance difficult, since neither the tissue nor the endoscope are immobilized. Therefore, to minimize movement, a technique was developed to secure an endoscope by introducing it through an endotracheal tube anchored by an inflatable cuff at the internal cervical os, the epithelium being exposed through a window cut in the tube (8) . In this prior study (see preliminary data), microscopic movement of carbon particles placed on the cervical epithelium was observable. Movement of individual particles through stationary folds, past stationary points, in opposing directions, at different speeds, or with tumbling were deemed indicative of possible mucociliary currents. However, the carbon tended to aggregate and adhere to the epithelium, which may have obscured or interfered with microscopic movement. Also, because direct observation of beating cilia was not possible, it is still necessary to show that ciliary activity is responsible for these micro-currents.
In these early in vivo trials, carbon was infused onto the cervix of 3 mares and interaction between the carbon and the epithelium was recorded by high magnification-video endoscopy (8) . Upon review, movement of the mare, including breathing, interfered with observation. Therefore, fixed landmarks were required to serve as a reference point to demonstrate translocation of carbon.
However, the epithelial surface often lacked sufficient contrast to be a useful marker. Fortunately, adhered carbon provided a fixed background on which to observe movement of isolated free carbon particles. Therefore, movement of solitary particles past groups of stationary carbon and translocation in the space between two folds were deemed consistent with micro-currents possibly caused by ciliary motion. In addition, it appeared that some carbon fragments were tumbling ( Figure 3 ) when they contacted the epithelial surface, which is consistent with the expected effect of ciliary action on a free particle. The movement of carbon particles relative to each other or past anatomical landmarks was therefore an observation that demonstrated micro-currents across the epithelium (Figure 4) , and the 7 tumbling of carbon particles approaching the epithelial surface potentially indicates that ciliary action is responsible for these currents. Figure 3 . Carbon particle rotating on epithelium. Apparent rolling of a tile shaped carbon particle as it approaches the epithelium. In A and C the two alternate faces of the particle are seen while in B the particle is seen "edge on".
These studies provided evidence of mucociliary clearance in the mare, but that carbon may not be the best material for such a demonstration. It was then proposed that non-adherent fluorescent microspheres and metallic powders (i.e. silver and gold) might be superior to carbon in assessment of equine cervical mucociliary clearance using high magnification video endoscopy. In addition, hemispherically coated bichromal microspheres might reveal micro-currents on the cervical epithelium through their visible rotation. For this reason, it became necessary to compare with carbon the feasibility of various other microparticles and microspheres in revealing mucociliary currents. 
Microspheres and Microparticles in Biology
In considering which particles to evaluate for detecting mucociliary clearance in the equine uterus, particles need to meet the following criteria. First, they need to be non-toxic in the mare: the mare uterus can develop a dramatic inflammatory response to certain irritants, and it was necessary to pick particles which were likely to be non-irritating. Second, they needed to be visible against the pink 9 mucosal surface. Third, they should be small enough that mucociliary clearance would likely be effective; therefore, a size of approximately 50 μm or less seemed appropriate. Fourth, they should not aggregate into larger clumps; if they do then the resulting material may be too large for transport by mucociliary clearance. Fifth, they should be able to show rotation, which could be used as evidence for propulsion of one side of the particle by actively beating cilia. The following microparticles were felt to be possible candidates for use in videoendoscopy studies of mucociliary clearance in the mare.
Gold
One study examined the uptake and possible toxicity of gold particles in human leukemia cells.
The gold particles were not cytotoxic and reduced the level of destructive oxidative species in the cell.
However, when gold salts coated in a cationic material were used, they caused toxic effects, but only at an atomic concentration of 10 nM or higher (21) . Gold coated polystyrene spheres have been used in respiratory experiments involving mucociliary clearance. The spheres were used to track the speed of mucociliary clearance in tracheae excised from chicken embryos (16) . To our knowledge gold has not been used to reveal mucociliary clearance in the reproductive tract.
Silver
A less costly option to gold, but with many of the same advantages, might be silver. A concern associated with the use of silver powder is its affinity to clump in an aqueous environment. In order to decrease this effect, applications of a dispersion agent are very common. One of these methods is to react silver nitrate over heat with ascorbic acid and gum arabic, followed by heating with ammonia.
When the reaction is complete, the silver powder is filtered out and used for various studies (25) . For example, this powder was used to track imaging in an electronic chip, and though it did reduce clumping, it raises concerns about irritation to an epithelial surface. The possibility of adding a non-irritating detergent to break the surface tension of these particles could lead to a viable option of in vivo studies of mucociliary clearance.
Polyethylene Microspheres
Fluorescent polyethylene microspheres may be an alternative to carbon in studies of mucociliary clearance. Polyethylene microspheres have been used for the demonstration of mucociliary activity in the respiratory epithelium of other species (14, 15, 17) . Advantages of fluorescent microspheres are that they are non-toxic, inert, and highly visible. It was one of the goals of the present study, therefore, to test such microspheres in mucociliary clearance experiments in the mare in vivo. In particular we wished to determine if there were an optimal microsphere diameter for this type of study, and if it were possible to observe microspheres in vivo using the lower power magnification of commonly available video-endoscopes. Available sizes included 1-5 μm, and 70 μm.
In addition, the following special-application microspheres have other qualities that might confer specific advantages:
Barium Coated microspheres
The barium serves two purposes-one is to increase the weight of the particle so it is heavier than the fluid in which it is suspended. The particles are more likely to fall to the surface and be propelled along the tissue of the mare's uterus. The second purpose for using barium coated microspheres has been to increase visibility within the uterus of the mare. These spheres are commonly used to detect and diagnose problems in the digestive tract because of their high visibility within a body cavity when using radiographic techniques (3).
Hemispherically Coated Bichromal Microspheres
Hemispherically coated bichromal microspheres may be a novel technique to reveal ciliary activity by showing rotation of spheres. The bottom of the sphere moves in the direction of the current 11 if propelled from below by cilia, whereas the bottom of a sphere rolling over a stationary surface might appear to be stationary, or move in the opposite direction. It can therefore be hypothesized that direction of rotation of the sphere may be used to predict the presence or absence of ciliary propulsion (figure 5). If results warrant, microspheres could then be used to study the effect of disease or therapy on mucociliary clearance rates, and may lead to a more economical method to evaluate mucociliary activity in a clinical setting. 
Objectives
The overall objective of this study, therefore, was to determine the best particle for videoendoscopy to detect evidence of mucociliary clearance moving foreign material over the mare's cervix. It was hypothesized that polyethylene green microspheres 1 -5 μm and 70 μm in diameter,
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would be superior to carbon in revealing micro-currents on the cervical epithelium and that 50 μm hemispherically coated bichromal microspheres would display rotation.
13

CHAPTER 2 MATERIALS AND METHODS
2.1.
In Vitro Assessment
The following particles were studied by in vitro analysis: silver and gold powder, 1-5µm green fluorescent spheres, 70 µm green fluorescent microsphere, and 50 µm white fluorescent barium coated microspheres (Cospheric ®, Santa Barbara, CA).
One mg of each particle was placed into separate wells of a 96-well plate. Each well then received 250 µL of distilled water and was viewed under an inverted microscope (Amscope ® Irvine, CA)
and video recorded. Current was created to simulate motion of mucosal fluid in the uterus created by the contraction of the uterus. This was simulated by repeatedly aspirating and expelling the liquid with a 10 µL pipette to generate micro currents. Detergent (1 µL) was added to disrupt the surface tension and better distribute the particles. Recordings of each session were later observed and assessed for visibility, degree of clumping, and mobility of each kind of sphere.
The next portion of the in vitro study was to observe the particles in a six-well plate with an endoscope, the larger wells being required to accommodate the endoscope. Into each well, 2 mg of each particle was submerged in 5 mL of distilled water in separate wells. The 1 -5 µm green microspheres, 70 µm green microspheres, 50 µm barium microspheres also received 10 µL of Tween 20 detergent to aid dispersion. Current was created in each well by using a 1 mL pipette. Each well was video recorded using high-magnification video endoscopy for 5 minutes. Recordings were reviewed and particles assessed for visibility, their degree of clumping, and their mobility. The well containing a mixture of all particles was also observed for how the particles interacted with one another (Table 1) .
To test for the suitability of premixing and storing aliquots of particle suspensions, particle mixtures were left in their wells and frozen overnight. They were then thawed after 24 hours and 14 viewed with high-magnification video endoscopy and assessed for any possible degradation, such as cracks or fracturing. 
Videoendoscope
A videoendoscope (Fujifilm, Wayne, NJ; EG-250WR5) was attached to a high-definition endoscopy digital video processor with FICE (flexible spectral imaging color enhancement) and a light source (Fujifilm, Wayne, NJ; EPX-4440HD with FICE). The video processor was than connected to a television monitor, as well as a laptop computer (Apple Macbook, Suzhou, China.) The analog output of the video processor was connected to a laptop using an Elgato video capture (Elgato, Munich, Germany; 10020840) in order to convert the file to a compatible digital format.
Mare Preparation:
This trial was conducted during July and August of 2017. Because the cervix is easier to examine while mares are in estrus, cervical mucociliary clearance was assessed by high-magnification video endoscopy in 5 estrous Standardbred mares with dominant follicles of diameter 30 mm or greater.
Follicle size was determined by transrectal ultrasonography of estrous mares. All mares were restrained in examination stocks for transrectal ultrasonography and endoscopy.
Mares' tails were wrapped with a soft bandage. Sterile preparation of the perineal region using generic betadine scrub was followed by a water rinse to prevent the betadine from entering the vaginal canal. Sedation (5 mg of detomidine IV) was given prior to the start of experimental examination in order to reduce movement. Using a sterile glove and sterile lubricant (First Priority Inc, Elgin, IL; NDC #58829-200-05) a 14 mm x 52 cm endotracheal tube (Jorgensen, Loveland, CO; #J835Z) was inserted and anchored to the internal cervical os (internal opening of the cervix) by an inflatable cuff. A 1 cm x 3 cm window (with edges smoothed) was previously cut in the endotracheal tube, with the long axis oriented longitudinally, to allow the folds of the cervix to flow into the tube. This cut was made with a scalpel and the edges smoothed with a butane flame.
A suspension of the microspheres and carbon was then deposited on the cervical epithelium using a catheter passed through the endoscope. High -magnification video endoscopy sessions were then recorded for 10 -20 minutes.
2.5.
In Vivo Video Analysis:
Following examinations, recordings were reviewed. Portions of the videos with a clear view of the epithelium and particles, at a magnification of 200X or greater, and lasting an observable amount of time (determined to be two seconds or greater) were logged for each video. Within each video segment, each type of particle received a single score (1 or 0) for the presence or absence in the video segment of the following observations for each particle: particle visibility, clumping, rotation, or movement (i.e. movement past a fixed point of immobilized carbon, two particles translocated at different speeds or in different directions or past a fixed anatomical landmark, such as capillary branch point). Once numerical scores were added, they were then divided by the total number of video segments in the recording to determine the percent of segments which contained the observation in question for each type of microparticle (e. g. percentage of segments containing carbon movement). The percentages were assigned a score as follows: 0 % = 0; 1% to 25% = 1; 26% to 50% = 2; 51% to 75% = 3; and 76% to 100% = 4. Scores were ordered such that the higher the number the more desirable the particle. Median total scores were then analyzed by the Kurskal-Wallis test to find a statistical difference between using different particles.
RESULTS
3.1.
In Vitro
The various microparticles were analyzed by videomicroscopy and videoendoscopy in vitro to determine their suitability for in vivo use in the horse. The gold powder had a distinctive color and reflective property with large granules which were highly visible in fluid. However, the gold particles exhibited clumping and aggregated on the bottom of the wells when viewed both under the inverted microscope and with the endoscope. When a water current was applied, the gold remained immobile.
Silver powder exhibited a high degree of clumping. In comparison to the gold, the particles of silver were much smaller and as a result more particles were stimulated by the current applied to the dish.
Due to the large degree of clumping of gold and silver particles they were considered unsuitable and excluded from subsequent experiments.
The 1 -5 µm green fluorescent microspheres were difficult to see due to their size. There was no binding to other microspheres, and they largely appeared to be dispersed freely in the solution. (Table   2 ). When a water current was applied these spheres moved freely throughout the solution. They were chosen for the next phase of the experiment due to their close proximity in size to bacteria. If cilia are present then the viewer might be able to see each individual sphere interacting with the cilia as it moves through the uterus.
The 70 µm green fluorescent microspheres scored high on visibility. There was no significant clumping among the spheres. They did however appear to sit on the surface of the distilled water, for which reason 1 µL of Tween 20 was added to break the surface tension. This allowed for the freeflowing motion of the submerged spheres.
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The barium spheres were not easily visible in solution unless a black background was placed under the 96-well and 6-well plates. The barium spheres did not clump in solution but Tween 20 needed to be added to allow for dispersal. The barium spheres did not sink in the water as expected, their density being relatively close to water. The barium spheres appeared mobile and traveled in waves following the current. Due to their low scoring visibility, these spheres were not used for the in vivo part of the experiment. The mixture of particles ( Figure 6 ) was performed to see any particle interactions. Particles were again scored for their visibility, aggregation with other particles, and mobility. However, for this portion of the experiment, a watch was kept on possible adverse reactions that could injure the mare, however, none were seen. fourth mares received two doses of 10 mg of each particle used in this study. The fifth mare received one dose of 10 mg of each particle used in this study. Video analysis results are shown in Table 3 .
Overall, carbon was superior to all microspheres. Of the microspheres, the 1 -5 μm appeared to be the most suitable for in-vivo analysis. μm) would all be superior to carbon in revealing micro-currents on the cervical epithelium surface when observed by high magnification video-endoscopy in the live mare. The data from this portion did not support the hypothesis, either. We found that carbon may currently be the best option for observing mucociliary micro-currents on the cervical epithelium of the mare.
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The in vitro experiments showed which particles were able to easily flow through the water, as well as how they would react with each other. Metallic particles appeared to be too heavy and did not flow in the solution. These also aggregated and were thought to be too large for cilia to move. Originally there were issues with proper dispersion throughout the solution, such that adding Tween 20 was tested to disrupt the surface tension of the water and allow for better dispersal, which it did. Particles were then able to move more freely through the solution. There was some aggregation of the 1 -5 µm fluorescent green microspheres but not enough to exclude them from the in vivo experiments.
Barium microspheres did not perform as expected. They were supplied in a clear vial that showed them as white, but when viewed in a solution they were nearly transparent, making them difficult to find and observe, which led to the decision to exclude them from the in vivo portion of this study. Bichromal microspheres were not viewed in vitro because they were not available at the time and were very expensive. They were the same material as the 70 µm fluorescent green microsphere, with 22 the only difference being the color. It was decided that these particles could be used in the in vitro study based on the data already collected.
Particles in the in vitro portions of this study were all scored according to the same criteria, however it was observed that when aggregation occurred it had little impact, either positively or negatively, due to an abundance of small particles remaining visible to show microcurrents.
Consequently, any particles scoring a 0 in visibility or a 0 in mobility would not be suitable, but aggregation was not by itself sufficient to judge a particle unsuitable.
Two suspensions were used in vivo. The first was 1 -5 µm fluorescent green polyethylene microspheres, carbon, and 5 ml of distilled water, the second being carbon with 70 µm fluorescent green polyethylene microspheres, 50 µm bichromal polyethylene microspheres, 5 ml of water and 10 µl of Tween 20 detergent. Varying amounts of particles were used in the first two examinations of the study to determine the optimal amount needed for observation. While 1 mg of each particle was sufficient for observation, the likelihood of finding particles was greatly improved by using two doses of 10 mg (a total of 20 mg of each particle per mare).
Carbon exhibited the highest total score, and the determining factor appeared to be the ability of carbon to reveal rotation of particles as small as approximately 5 µm, probably through their irregular shape distorting the meniscus leading to repeating flashes of light ( Figure 7 ). Rotation could not be seen in any of the polyethylene microspheres, except for the bichromal microspheres. However, the latter rarely displayed rotation, possibly due to their large size and possibly being immobilized by mucus. being too small to be seen and the 1 -5 µm polyethylene green microspheres were difficult to see on their own due to their small size. When clumped together it became clear that they may not be able to adequately show mucociliary micro-currents, but they were observed to be extremely useful at helping visualize the mucus present at lower magnification (Figure 8 ), almost as if they were acting as a stain.
This was often helpful in seeing gross movement of the mucus and gave superior contrast for viewing other particles. The bichromal spheres were much easier to view on the epithelial surface. Unfortunately, the bichromal spheres failed to show the rotation associated with ciliary movement. This observation may 26 be due to the particles being too large. Movement and rotation were typically seen with smaller particles of roughly 10 µm or less.
Upon examination of videos, interesting observations were made, such as particles moving slowly in a mucus blanket, consistent with descriptions of mucociliary clearance in the respiratory tract.
In addition, blood cells flowing through capillaries could be discerned, along with the apparent flow in surface lymphatic vessels ( Figure 9 ). Blood vessels and lymphatics (vessels appearing too small for passage of a red blood cell) were often used as fixed landmarks to visualize translocation of particles. In some clips, it was observed that different regions of the mucus layer were moving independently, possibly due to different sections of cilia propelling separate mucus "sheets" (Figure 10 ). Gross movement of particles was not examined closely, but revealed interesting features when stained with the 1 -5 µm polyethylene microspheres. Gross movement was originally expected to be on a large scale, due to uterine contractions and the abdominal press. An additional interesting finding that was observed grossly over 10 -30 minutes was that the epithelial surface of the cervix was able to fully clear the particles. Future studies should include a more detailed examination of the macroscopic paths taken by these particles t was also observed that, over an entire section of the epithelium, movement was at a constant rate in the opposite direction to gravity, a finding which could be explained by ciliary motion (Figure 11 ). showing self-clearing.
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CHAPTER 5 CONCLUSION
This study has provided additional evidence for the presence of mucociliary clearance in the mare's cervix. Although the purpose of this study was to find a particle superior to carbon for visualizing mucociliary clearance, carbon seems the best particle to reveal microscopic movement, and 1 -5 µm polyethylene microspheres for gross movement. Carbon can apparently show rotation by distortion of the meniscus leading to flashes of reflected light. Future studies that will be conducted include chromeoendoscopy and the inclusion of vital stains to reveal additional features.
Based on these results, a mixture of 10 mg carbon and 10 mg of 1 -5 µm polyethylene microspheres in 1 mL of water may be the best available particle mixture for this type of study, and may be helpful as a diagnostic test in identifying focal areas of the cervix and endometrium with pathologic foci. The goal of all equine reproductive mucociliary research is to improve upon current understanding of equine uterine defenses in order to improve treatment and diagnosis of equine infertility.
